In this study, a system of automatic gap-adjusted electrodes is developed for electrohydraulic shock wave generators that can be used both for extracorporeal shock wave lithotripsy (treatment of renal calculi) and for the extracorporeal shock wave therapy for musculo-skeletal disorders. This system is composed of three main components: (1) two electrodes and their bases; (2) servo motors and control software; (3) a high sensitivity CCD camera and image processing program. To verify system performance, in vitro fragmentation tests have been conducted using kidney stone phantoms. Results indicate that the efficiency of stone fragmentation using automatic gap adjustment can be increased up to 55.2%, which is twice more than without automatic gap adjustment (26.7%). This system can be applied to any commercial electrohydraulic extracorporeal shock wave lithotriptor or orthotriptor without difficulty.
I. INTRODUCTION
In the last 20 years, extracorporeal shock wave lithotriptors have been widely used in hospitals to treat urolithiasis and are beneficial to millions of patients with calculi in the world. Improving research on lithotripsy and lithotriptors is needed and continuing. [1] [2] [3] [4] [5] [6] [7] [8] [9] Extracorporeal shock wave therapy is employed in Europe for the treatments of musculo-skeletal disorders such as calcific tendinitis of the shoulder, tennis elbow, epicondylitis, plantar fasciitis, delayed unions, and nonunion fractures and has led to the inception of clinical studies in the United States. 10, 11 Electrohydraulic shock wave generators are competitive with electromagnetic and piezoelectric lithotriptors. For orthotripters, electrohydraulic-type shock wave generators are preferable, because higher energy density per shock wave is generated.
Electrohydraulic shock wave generators have the disadvantage of electrode wear because of high temperature resulting from the high current discharge from the negative electrode. The electrode wear causes an increase in the gap between both electrodes, leading to a large variation in the strength of the shock wave when the number of shock waves produced is greater than some critical value. A common remedy is to change the spark plug or increase the operating voltage to guarantee shock wave firing, however, shock wave strength, uniformity and size of focal area cannot be assured as with new electrodes. 9 Although the shock wave generator with manual adjustment of electrode gap is available, 12 the practical gap cannot be accurately controlled within a desired range and cannot be assured to be located at the desired focus without monitoring devices. 7 A study of a lithotripter 13 that uses a TV system to control the electrode gap does not provide sufficient details. In this study, a system of automatic gap-adjusted electrodes, which can control the spark gap within a suitable range, is developed. In the suitable range of the spark gap, shock waves generated have higher focused pressures at the focal point than those produced by the spark gap that is out of the suitable range. To overcome this defect, a system of automatic gap-adjusted electrodes was designed and developed. This system is composed of three main components: (1) two electrodes and their bases; (2) servo motors and control software; (3) a high sensitivity CCD camera and image processing program. This system was verified to be accurate by conducting several in vitro experiments of stone fragmentation. It was found that the designed automatic system of gap-adjusted electrodes works well, and can increase the efficiency of stone fragmentation to twice that with no gap-adjusted condition.
II. MATERIALS AND METHODS
A shock wave reflector of a half ellipsoidal shape in stainless steel is constructed for the gap control system as mentioned in the Introduction. The elliptic shape has the semi-major axis of 158 mm, the semi-minor axis of 112 mm, and the focal length of 111.4 mm. A series of experiments were conducted and assessed to the feasibility and performance of the gap control system with a high-sensitivity CCD camera for inspecting the electrode gap. The first experiment was to test three different electrode materials. The peak pressures produced were measured and the wear of the different materials was compared. The second experiment assessed the accuracy of the camera-measured gap. The third experiment shows the difference in peak pressure achieved with or without the gap control system. Finally, the performance of the gap-controlled system in lithotripsy is demonstrated with a stone model. Figure 1 shows the hardware configuration used for the experiments presented here. The individual components are described below.
A. Shock wave generator
The shock wave generator system used is a modified commercial lithotriptor (Litemed 9200, Litemed Co., Taiwan). The lithotriptor consists of a high voltage discharge system and a half ellipsoid type shock wave reflector. In order to accommodate the adjustable gap electrodes, a custom-made reflector constructed from stainless steel replaced the existing reflector. Inside the reflector, there are two opposite-facing electrodes positioned at the first focus ͑F 1 ͒ of the ellipsoid. Shock waves produced in water at the first focus ͑F 1 ͒ can be focused at the second focus ͑F 2 ͒ based on underwater shock dynamics. 2, 5 The operation voltage can be adjusted in the range 5 -11 kV. A cylindrical tank made from Plexiglas was fitted on top of the half ellipsoid reflector.
The tank was open on the top and was filled with tap water. From the open top, a Plexiglas rod attached to an xyz adjustable system was used to hold a pressure sensor at the second focal point ͑F 2 ͒. In all the experiments tap water was used.
B. Electrodes
The electrodes used with the shock wave reflector are made in the shape of a cylindrical rod of 2 mm in diameter, and were welded on a copper screw type base. This base was then fitted in a copper made holder. The electrodes are positioned inside the reflector through cone-shaped Teflon insulators exposing only a small part of the electrode tip. The Teflon insulators maintain the electrode direction, and their shapes allow a minimum interference with the shock waves produced at the electrodes tips. Electrode design is shown in Figs. 2(a) and 2(b).
Three types of electrodes were tested. These were made from (a) bronze (Cu 90%, Sn 10%), (b) mild steel (Fe 99.5%-99.9%, C 0.1%-0.5%), and (c) tungsten steel (W 95%-96%, C 3.9± 0.1%). These materials were selected either because of their high conductivity or ability to withstand high temperature properties. Mild steel and tungsten steel are harder than bronze and can withstand higher temperatures, while bronze has high conductivity. Mild steel is the type of material originally used on the lithotriptor. The electrode position and interelectrode gap were adjusted by turning appropriately the bronze-made base using a servomotor system.
The high-voltage generator was adjusted to 8 kV and not changed at any time during all the experiments presented here.
C. Motor system
Each electrode was attached to a servomotor using two gears and a transmission belt made from nonconductive material. Furthermore, the servomotors were attached to the reflector using plates of Bakelite. Electrical isolation is neces- sary since the high voltages used on the electrodes can instantly destroy the servomotors and the servomotor drivers system. The servomotor system was connected to a separated box containing the servomotor drivers and from there to a motion control card (model MC8041A, Aurotek Corporation, Taiwan) inside a PC type computer. The developed software module allows rotation of the electrodes to adjust the interelectrode gap. The configuration of reflector, electrodes and servomotors are shown in Fig. 3 .
D. Pressure measurements
A charge mode dynamic pressure sensor (sensor model number 118M88 with a matching amplifier model number 402A02, PCB Piezotronics, USA) was used for all the pressure measurements. This type of sensor can measure pressures up to 206 MPa and has a rising time less than 2 s. Although a more complete study would require measuring many different parameters of the shock waves, such as negative pressures, rising time, energy etc., this study was limited to positive maximum pressure measurements. Energy measurements for the large number of shock waves involved in this study would require a fiberoptic probe hydrophone 14, 15 that allows accurate measurements of positive and negative pressures. This type of hydrophone was not available for this study.
A XYZ motorized table system was used to control the positioning of a rod inserted vertically into the cylindrical water tank. The positioning system is computer-controlled and provides accurate and reliable positioning. The pressure sensor is mounted at the tip of the rod. The XYZ table positions the rod in such a way that the sensor is always at the focal point F 2 . For every shock wave, the sensor output triggered an oscilloscope to display the focused pressure waveform. Through an oscilloscope-computer interface card within a PC computer, the pressure waveform for each shock wave was transferred to the computer and stored for further analysis.
E. Imaging system
A small hole, opened at the bottom of the half ellipsoidal shock wave reflector, allowed a CCD camera (model WAT-902H, Watec Co. Ltd., Japan) to view the electrode gap, see Fig. 3 . The camera's high sensitivity, 0.0003 Lux, ensures that the produced images have adequate brightness even when the reflector has its silicon cover on and is mostly covered by the body of a patient. For each gap measurement, 20 images were averaged to reduce the thermal noise that is common at low light conditions. A piece of tempered glass sealed the hole preventing any leakage of the water contained in the reflector. The thickness of the glass is 5 mm and was able to withstand a large number of shock waves generated during all the experiments reported here. The CCD camera was positioned underneath the reflector and vertically to FIG. 4 . A flow chart of the gap control procedure. Here G is the optimal gap size, S the number of shock waves fired between successive adjustments of the electrodes, N the total number of shock waves to be fired, T the number of images to be averaged, L the real gap, K the number of shocks produced, and ⌬G the accepted deviation from the real gap size G.
FIG. 3.
The shock wave generator with the electrodes and motors. In the center of the generator the CCD camera view window can be seen.
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the electrode line to minimize any optical distortions. The video signal of the CCD camera was digitized through a frame grabber computer card (model PX610, Imagenation, USA). The video images produced are 640ϫ 480 pixels in size. The video is displayed on a computer monitor and automatically analyzed to produce interelectrode gap sizes. A computer program was developed to assist calibration and provide measurements. The program uses a Laplacian edge detector 16 to detect the edges around each electrode. The particular type of detector includes image smoothing that suppresses noise in the image. The filter's parameter alpha that controls the level of smoothing was set to 0.3. This type of detector has shown to perform adequately on images without accurate focusing. In order to calibrate the system, the edges of both sides of one of the electrodes are identified in the image. The distance between the electrode edges defines the width of electrodes in pixels. Since the electrode diameter is known to be 2 mm, the ratio of the electrode diameter in mm to the number of pixels occupied by the electrode diameter represents the pixel size (resolution). Measurements of electrode gap in pixels can be converted to mm multiplying by the pixel size. Since the computer program is automatically reset every time for measuring the size of the gap, the software can overcome imprecision due to inaccurate focusing.
F. The stone model
A stone phantom (natural zeolite) cut to a cubical shape of size 5 mm was used to evaluate the lithotripsy efficiency. This type of stone was selected because it cannot be fragmented during handling and measuring. Other stone models made from softer materials, like plaster of Paris, are easily disintegrated during handling and also partially dissolve in water. The stone was inserted in a small balloon filled with water and fixed at F 2 . After every 300 shocks, the stone fragments inside the balloon were passed through a paper filter and then dried. The stone fragments were passed through a wire mesh of 2 mm in size. The weight ratio of the fragments passed through the wire mesh to the total stone weight represents stone fragmentation efficiency.
G. Experiments

Erosion of electrodes
The erosion of each type of electrodes was measured as a function of the number of shock waves produced. For all the types of electrodes, the initial gap was adjusted to 0.3 mm. The interelectrode gap was measured for every set of 300 shock waves, up to a total of 1500 shock waves.
Peek pressure and optimal interelectrode gap
In order to determine the optimal gap needed for each type of electrodes, a similar experiment was conducted. Peak pressures were measured at F 2 using the pressure sensor setup discussed earlier. For standard commercial electrodes where the interelectrode gap cannot be adjusted, the operation voltage is usually increased to compensate for the increased gap between the electrodes. For all electrodes types used, the interelectrode gap was initially set to 0.3 mm and increased up to 1.0 mm with a step of 0.05 mm for every 100 shock waves produced. Peak pressure measurements of the 100 shock waves for every interelectrode gap size and electrode type were recorded. The average peak pressure of 100 shock waves was calculated in order to be consistent to experiments described later where the electrode gap was adjusted every 100 shock waves.
Optical measurement accuracy
An experiment was conducted to show the accuracy that the imaging system has to measure the interelectrode gap. A thickness gauge was used to set the gap size and the imaging system provided the automated measurement. Each measurement was repeated five times, after moving the two electrodes to a different position and also readjusting the gap size. Starting with an initial gap of 0.3 mm, manual adjustments increased the gap up to 0.7 mm with a step of 0.05 mm each time.
Gap-control and shock wave production stability
Another pair of experiments was carried out to show the influence that interelectrode gap adjustments have during lithotripsy treatments. The opposite facing electrodes were adjusted with an initial gap and produced 2500 shock waves. The peak pressure for each shock wave was measured and recorded. Usually about 3000 shock waves are required for a patient treatment. The initial gap size value of 0.3 mm was selected since this was the setup of the commercially available electrodes for this type of lithotripter. Secondly, the same experiment was repeated but with gap adjustments back to the initial gap sizes after every 100 shock waves. The initial gap for bronze was 0.8 mm, 0.7 mm for mild steel and 0.55 mm for tungsten.
The flow chart of the designed gap control procedure is shown in Fig. 4 . First, the program parameters were initialized with preset values. Then the CCD camera grabbed a number of T images of the electrode gap. From these images the average image was calculated and from the average image, the real gap L between the two opposite facing electrodes was computed. Second, the (absolute) difference, ͉G − L͉, between the real gap size L and the optimal gap size G is compared to the acceptable tolerance ⌬G. If the difference ͉G − L͉ was larger than the accepted tolerance ⌬G then the servomotors adjusted the electrodes and the inspection was repeated. Otherwise, the system continued to produce shock waves. Third, the inspection was repeated for every S shock waves, i.e., when K mod͑s͒ = 0, where K is the number of shock waves produced. Finally, if the total number of shock waves to be produced was reached ͑K = N͒, then the stone treatment was terminated.
Gap-control and efficiency of lithotripsy
Having a stone model positioned at F 2 , the previous pair of experiments was repeated in order to observe the efficiency of lithotripsy when gap control is used. This experiment showed the effect of the pressure change due to the electrode erosion on the stone fragmentation. The initial gap was set to 0.3 mm for the case of no gap adjustment and 0.72 mm for the case of gap adjustment with bronze electrodes. Gap adjustments followed after every 300 shock waves.
III. RESULTS
A. Erosion of electrodes
The erosion measurements for the three types of electrodes as a function of the number of shock waves produced are presented in Fig. 5 . One can see that the bronze electrode had a faster erosion rate than the mild-steel and tungsten electrodes. The tungsten electrode had a slightly faster erosion rate than the mild-steel electrode.
B. Pressure measurements and optimal interelectrode gap
Pressure measurements obtained using bronze, mildsteel and tungsten electrodes are shown in Figs. 6(a)-6(c) , respectively. The error bars represent the standard deviation calculated within the set of every 100-times pressure measurements. For easy comparison of these results, these three curves are combined together in Fig. 6(d) . After 100 shock waves, the electrode gap was changed. Therefore the values on the horizontal axis in the graph only represent the variation of the gap size. Although the tungsten electrodes were eroded more slowly, the produced peak pressures were lower. This is because tungsten has a lower conductivity. Bronze electrodes produced slightly higher peak pressures than mild-steel when their optimal gap size is used.
It was found that the gap sizes that produced the higher peak pressures were 0.8 mm, 0.7 mm, and 0.55 mm for the bronze, mild-steel, and tungsten electrodes, respectively. Their corresponding average positive peak pressures (Ϯ standard deviation) were 51.6 ͑±7.8͒ MPa, 41.5 ͑±10.6͒ MPa, and 37.4 ͑±9.2͒ MPa for 100 shock waves at the voltage setting of 8 kV. The energy flux density was estimated to be 0.076 mJ/ mm 2 . The energy flux density is defined to the time integral of focusing pressure square divided by the density and sound speed of water.
C. Optical measurement accuracy
A typical electrode image is shown in Fig. 7 . Figure 7(a) shows the electrode image without using image averaging, and Fig. 7(b) using image averaging. In Fig. 7(b) , the overlapped white lines show the detected electrode edges, where the black lines are calipers that represent the detected two sides of the electrodes and define the diameter of the electrodes for the measurement calibration. The figure also shows the edge points within the gap that are used for the gap measurement. The pixel size derived from the image analysis program is 2 mm/ 89 pixels, which results a pixel size of 0.0225 mm. Manual adjustments of the gap in the experiments presented here have a step of 0.05 mm, therefore the resolution of the optical system can be regarded as sufficient for the purpose of this work. A lens of higher magnification and quality can achieve a higher resolution if necessary.
Five independent manual measurements and their corresponding automatic measurements were used to evaluate the level of accuracy of the optical system. The measurements were taken for gap sizes varying from 0.3 mm to 0.7 mm with a step of 0.05 mm. Differences between manual and automatic gap measurements have an average and standard error versus the manual measurements as shown in Fig. 8 . These differences vary from 0.001 mm to 0.062 mm, where the average values vary from 0.014 mm to 0.036 mm. Average values are below the manual adjustment resolution used and certainly comparable with the error involved in a manual adjustment. Figure 9 shows the comparison of the average peak pressures for the bronze electrode with and without gap control. Figure 9 (a) shows the average peak pressure when using the bronze electrodes without any gap adjustment, and Fig. 9(b) for the case of gap control. Both graphs show the average peak pressures for a total of 2500 shock waves. Here the error bar represents the standard deviation within every set of 100 shock waves. In the same manner, results for the mildsteel and tungsten electrodes are shown in Figs. 10 and 11 , respectively. Comparing Figs. 9-11, we can see that the gapcontrol electrodes produce more stable and more uniform average peak pressures than those for the electrodes without gap-control. Under the gap-control condition, the average Gap adjusted electrodes for shock waves 4817 peak pressures behave a constant tendency. For the condition of no gap control, the average peak pressures decrease with the number of shock waves. In particular, the decrease rate in average peak pressure is greatest for the bronze electrode. Figure 12 shows the comparison of stone fragmentations for the cases of no gap control and gap control. Figures  12(a)-12(e) are the stone fragmentation result corresponding to the case of no gap control, and Figs. 11(f)-11(j) to the case of gap control. These pictures show the extent of stone fragmentation after every 300 shock waves. The efficiency of stone fragmentation, defined as lithotripsy efficiency, is indicated by the value inside the parentheses. The lithotripsy efficiency is defined as the ratio of the weight of stone fragments less than 2 mm to the original stone weight. It was found that for the case of gap control, the lithotripsy efficiency was 21.2% for 300 shocks, 24.8% for 600 shocks, 39.9% for 900 shocks, 49.9% for 1200 shocks, and 55.2% for 1500 shocks. For the case of no gap control, lithotripsy efficiency was 22.9% for 300 shocks, 23.5% for 600 shocks, 24.2% for 900 shocks, 25.0% for 1200 shocks, and 26.7% for 1500 shocks. One can clearly see that, under certain circumstances, the in vitro lithotripsy efficiency for the gapcontrolled case can be twice of that for the no gap-controlled case.
D. Peak pressure stability of focused shock waves at a gap-controlled condition
E. Efficiency of lithotripsy at a gap-controlled condition
Since the sparks generated at the tips of the electrodes gradually wear the electrodes leading to a larger electrode gap, the peak pressure achieved is not stable. Although the electrodes can be moved to compensate for the wear, it is possible that the electrodes will not wear evenly at both sides. Furthermore, the high voltage is sometimes altered during an experiment or a patient treatment. Different highvoltages wear the electrodes at different erosion rates. As a result, a simple manual compensation movement without measurement could produce gaps of unknown size. Furthermore, because of uneven erosion of the electrodes the electrode gap may not be positioned accurately at the first focus of the shock wave reflector. Additionally, over compensation can result in electrodes touching each other. Our optical feedback system discussed above overcomes these problems.
The electrodes tested here were made from different materials; they were expected to have different behaviors under high-voltage operations. Our interest was focused on the uniformity of shock wave strength, the efficiency to produce high peak pressures and their stone fragmentation result.
IV. DISCUSSION
The experimental results presented here show that an automatically adjustable electrode gap system is feasible, and can even double the lithotripsy efficiency from 26.7% to 55.2%. Such a system can significantly increase the repeatability of shock waves produced. Although there is an additional burden of the automatic optical inspection system and the motorized system, the developed system has a low run cost. This is mainly due to low cost electrodes that can be used for a longer time, equivalent to 10 patients at least. The system presented here is an advantageous research tool and potential commercial application since it provides more adjustable parameters in shock wave generation. As an example, different electrode material or different liquids inside the reflector can be studied. Optimal gaps can be obtained with experiments similar to those presented here, and therefore the characteristics of the produced shock waves can be compared and related to the material or conditions used.
